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This report concerns the magnetic properties of colloidal Ni nanoparticles NPs obtained by
chemical reduction of NiII salt in an organic solvent. The NPs present a complex and disordered
atomic structure, where small clusters of a few Ni atoms appear to coexist within each NP. These
NPs exhibit interesting magnetic properties, with a low temperature ferromagnetic order followed
by a transition from ferromagnetic to a “spin-glass-like” state as the temperature decreases. The
results are discussed considering the role of the atomic ordering of the NPs on the corresponding
magnetic behavior. © 2008 American Institute of Physics. DOI: 10.1063/1.2920817
Magnetic nanoparticles NPs of various shapes and
sizes have received considerable interest in recent years ow-
ing to several challenges in the fundamental physics that they
provide. Many interesting basic phenomena observed in such
systems are related to the interaction among NPs, such as the
displacement of the blocking temperature1 and spin-glass-
like properties,2–4 for example. Also, the interest in such sys-
tems exceeds the academic scope, because they can become
relevant in some applications, such as magnetic recording,
spintronics, magnetic fluids, biomedical applications diag-
nostic and treatments, and catalysis5,6 among others. Fur-
thermore, magnetic phenomena related to the NPs morphol-
ogy have been observed in systems produced by chemical
routes, using recent advances in strategies for synthesizing
NPs.7 These NPs display unusual properties related to the
internal magnetic order, such as nonsaturation of the magne-
tization in high magnetic fields, the appearance of high an-
isotropy constants, and other characteristics associated to
core/shell structures, for example.4,8
As a matter of fact, structural and magnetic properties
are strongly correlated in nanostructured systems. The micro-
magnetic description of the inversion of the magnetization
process needs to take into account the morphological char-
acteristics of each sample. The relaxation of the magnetic
moment either coherent or not depends on the internal
magnetic structure of the particle as well as the interparticle
interactions.
In this letter, the magnetic properties of structurally dis-
ordered Ni NPs are carefully investigated. An organic insu-
lating capping on the surface of the NPs prevents the forma-
tion of agglomerates or chains, leading to weak dipolar
interactions among NPs, and avoiding exchange interactions
among them. The magnetic properties of the assembly stud-
ied strongly differ from the behavior expected for nanocrys-
talline, superparamagnetic NPs. We observe a low tempera-
ture ferromagnetic order TC20 K, followed by a
ferromagnetic to a “cluster-glass-like” state transition within
individual NPs as the temperature decreases. The results are
discussed considering the role of the disordered atomic struc-
ture on the magnetic order within the NPs.
Samples with Ni NPs were synthesized by high tempera-
ture reduction of a NiII salt in an organic solvent.9,10 Figure
1 shows a transmission electron microscopy TEM image of
Ni NPs obtained when NiCH3COO2 is used as a precursor
mean diameter of D=11.70.5 nm. The high resolution
TEM HRTEM image, on the other hand, reveals a highly
disordered and complex atomic structure, as can be seen in
the inset of Fig. 1. Instead of the characteristic lattice fringes
of a crystalline system, one can observe very small domains
or clusters of few Ni atoms coexisting within this NP. TEM
results were confirmed by very broad x-ray diffraction peaks
data not shown. The synthetic factors that influence the
atomic ordering of these NPs are not yet clear, but they are
probably related to the role of the counterion acetate or
acetylacetonate on the NP nucleation process. Further de-
tails about the reaction conditions and NPs structural charac-
terization are given elsewhere.10
Figure 2a shows zero field cooled ZFC and field
cooled FC magnetization curves of the Ni NPs, measured
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FIG. 1. TEM image of the Ni NPs used in this work. Inset: HRTEM image
showing that the NPs have a complex internal structure.
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under a weak magnetic field Quantum Design MPMS XL7
superconducting quantum interference device magnetometer,
H=20 Oe for increasing values of the temperature T. The
points in the figure correspond to experimental data, while
the solid lines were calculated from the size distribution ob-
tained by the TEM analysis by considering an ideal nonin-
teracting superparamagnetic NP system11 and assuming K
=5.5104 erg /cm3 for the effective anisotropy constant of
Ni.12 The calculated ZFC-FC curves expected for a canonical
superparamagnetic system are very different from the experi-
mentally observed ones. By lowering the temperature, both
the ZFC and FC magnetization curves rise sharply at about
20 K, resembling a Curie transition. Below this temperature,
the ZFC magnetization curve exhibits a decrease and ulti-
mately an increase that again follows the high temperature
region, trends which will be discussed later. Figure 2b also
shows the data for the real  and imaginary  compo-
nents of the ac susceptibility as functions of temperature
taken at several frequencies. As can be seen in Fig. 2b, both
 and  components of the susceptibility exhibit a weak
dependence on frequency, indicating not a blocking phenom-
enon, but instead a spin freezing effect below the transition
temperature.13 A quantitative measurement of the tempera-
ture shift of the maximum temperature is usually obtained
from Tmax /Tmax per decade of frequency , i.e.
Tmax /Tmaxlog . For our sample, this parameter is 0.01,
which falls within the range observed for canonical spin
glasses 0.02.
To gain further insight about the nature of this anoma-
lous behavior, the ZFC and FC curves were measured under
different applied magnetic fields. As can be seen in Fig. 3,
the first transition temperature, characterized by the sharp
rise in both ZFC and FC magnetizations at about 20 K, is
well defined and seemingly is not dependent on the applied
field for H1 kOe, see the derivative of the magnetization
in the inset of Fig. 3. It is worth mentioning that the blocking
processes that might be occurring in such temperature value,
even of dipolar coupled NPs, are expected to be highly field
dependent for such a range of applied field values.1
On the other hand, the second transition, associated with
the irreversibility between ZFC and FC magnetization
curves, is strongly field dependent. The first transition could
be attributed to the appearance of a short range ferromag-
netic coupling among very small ferromagnetic clusters,
within each NP. As shown above, the second transition is
related to the freezing of such clusters, leading to a cluster-
glass-like behavior. Accordingly, both ferromagnetic order
and spin-glass transition were seen to occur within each NP.
Similar magnetic results were previously reported by Bonetti
et al.2 for a percolated NPs system. In that case, however, the
authors observed ferromagnetic order and spin-glass transi-
tion occurring between the NP magnetic moments, but not
between the spins within each NP, as observed here.
It is well known that combinations of topological disor-
der and competing interactions can lead to a
spin-glass-like-behavior.2 Indeed, according to a number of
previous works,14–17 magnetic states that are different from
those of bulk metal can be found, depending on the lattice
spacing and arrangement of the atoms in nanostructured sys-
tems. For instance, both antiferromagnetism and ferromag-
netism have been observed and predicted for fcc Fe films,
depending on the lattice spacing of the substrates.17,16 Fur-
thermore, small magnetization in colloidal Ni NPs has been
reported and attributed to antiferromagnetic coupling among
atoms that compose the NPs.18 Therefore, we propose a pos-
sible explanation to the observed trends. At sufficiently high
temperatures, most of the small clusters within the NPs are
superparamagnetic. By decreasing the temperature, such
clusters would become ferromagnetically coupled when the
ferromagnetic exchange interactions simply overcome the
clusters anisotropy. This would lead to a ferromagnetic ex-
change length L in the order of the diameter of the NPs
related to the first transition observed at around 20 K. Sub-
sequently, the domain anisotropy would more rapidly in-
crease than the exchange stiffness parameter,19 eventually
FIG. 2. Color online a Symbols: ZFC-FC magnetization curves mea-
sured under applied field of H=20 Oe. Solid lines: simulated ZFC-FC
curves using the NP size distributions observed by TEM. b Experimental
ac susceptibility vs temperature measured using an oscillating field with
magnitude of 7 Oe.
FIG. 3. Color online ZFC and FC magnetization curves of the Ni NPs for
different values of dc magnetic fields.
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leading to a situation where L becomes smaller than the clus-
ters sizes, and therefore the clusters magnetic interactions
would stabilize a spin-glass-like state related to the maxi-
mum in M versus T plot.
Furthermore, at very low temperatures below the spin-
glass-like transition, an increase in the magnetization as the
temperature decreased can be observed. We attribute this be-
havior to the possible growth of surface spin clusters of the
NPs due to the reduction of the randomizing thermal effects.
The magnetization of such clusters significantly varies in dif-
ferent regions of the surface as well as the exchanges and
other interactions; hence, this behavior is commonly associ-
ated to a surface cluster frustration. Some manifestations of
this fact are observed in a decrease of coercive field and an
anomalous magnetic time relaxation magnetic viscosity
when the temperature is lowered data not shown here.20
Similar surface behavior has been observed in systems of
ferromagnetic and antiferromagnetic amorphous NPs, and it
was analyzed in terms of a core-shell model.20,21 Usually, the
magnetic surface effects are observed on small NP systems
D5 nm. In our case the cluster-glass-like state transition
within the NPs, through the low temperature disordered
freezing of the clusters, contribute to the appearance of clear
surface effects for temperatures below 5 K.22
Such explanation is also supported by the magnetization
curves MH under ZFC condition measured at several
temperatures Fig. 4. Even at 2 K, no saturation has been
observed for fields of the order of 65 kOe. The magnetiza-
tion curve is shown in units of B per Ni atom, estimated by
considering the volume fraction of the sample occupied by
the Ni NPs. The magnetization curves indicate a lack of es-
tablishment of a fully ferromagnetic order within the NPs
because, even at the maximum applied field, the average
magnetic moment per Ni atom is much lower than the value
found in bulk Ni 0.6B per Ni atom. This behavior cor-
roborates the existence of clusters within the NPs with com-
peting interactions and disordered anisotropic axis, as dis-
cussed above. It is worth noting, however, that although we
have performed a detailed structural and chemical analysis of
this system, the complete picture of which factors are behind
this complex atomic ordering are still to be understood.10 We
cannot rule out, for example, the existence of a small quan-
tity of nonmagnetic atoms remaining from the precursor
within the NPs. Also worth mentioning is that a strong re-
duction of the Ni 3d moment could explain some of the
observed data, such as the very weak NP magnetization and
the low temperature ferromagnetic transition. However, this
hypothesis cannot explain some other results, for instance,
the spin-glass-like behavior at low temperatures. Therefore,
further experiments and simulations are still necessary to
fully understand the observed magnetic behavior.
In summary, we observed an anomalous magnetic be-
havior in Ni NPs below 20 K. We believe that the disordered
structure of such NPs plays an important role in the magnetic
properties. Due to the fact that the magnetocrystalline aniso-
tropy is negligible, other terms determine the magnetic order
within the NPs. When the thermal fluctuations become weak,
the internal spins or clusters within each NP begin to order at
approximately 20 K, with a consequent strengthening of the
interactions. Finally, at lower temperatures below 5 K an
increase in the magnetization value was observed, together
with a reduction of the coercive field and anomalous tempo-
ral magnetic relaxation, indicating a characteristic signature
of surface cluster frustration.
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FIG. 4. Magnetization vs applied field measured at temperature of 2 K.
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